Abstract: Changes in phenology can be used as a proxy to elucidate the short and long term trends in climate change and variability. Such phenological changes are driven by weather and climate as well as environmental and ecological factors. Climate change affects plant phenology largely during the vegetative and reproductive stages. The focus of this study was to investigate the changes in phenological parameters of maize as well as to assess their causal factors across the selected maize-producing Provinces (viz: North West, Free State, Mpumalanga and KwaZulu-Natal) of South Africa. For this purpose, five phenological parameters i.e., the length of season (LOS), start of season (SOS), end of season (EOS), position of peak value (POP), and position of trough value (POT) derived from the MODIS NDVI data (MOD13Q1) were analysed. In addition, climatic variables (Potential Evapotranspiration (PET), Precipitation (PRE), Maximum (TMX) and Minimum (TMN) Temperatures spanning from 2000 to 2015 were also analysed. Based on the results, the maize-producing Provinces considered exhibit a decreasing trend in NDVI values. The results further show that Mpumalanga and Free State Provinces have SOS and EOS in December and April respectively. In terms of the LOS, KwaZulu-Natal Province had the highest days (194), followed by Mpumalanga with 177 days, while North West and Free State Provinces had 149 and 148 days, respectively. Our results further demonstrate that the influences of climate variables on phenological parameters exhibit a strong space-time and common covariate dependence. For instance, TMN dominated in North West and Free State, PET and TMX are the main dominant factors in KwaZulu-Natal Province whereas PRE highly dominated in Mpumalanga. Furthermore, the result of the Partial Least Square Path Modeling (PLS-PM) analysis indicates that climatic variables predict about 46% of the variability of phenology indicators and about 63% of the variability of yield indicators for the entire study area. The goodness of fit index indicates that the model has a prediction power of 75% over the entire study area. This study contributes towards enhancing the knowledge of the dynamics in the phenological parameters and the results can assist farmers to make the necessary adjustment in order to have an optimal production and thereby enhance food security for both human and livestock.
Introduction
Phenology studies the seasons and cycles of natural phenomena controlled by both climatic and environmental factors [1] . It determines the duration and time taken by a plant canopy to be photosynthetically active and equally drives the annual uptake of carbon in an ecosystem [2, 3] . It also indicate long-term trends in climate as well as short-term climatic variation as it is driven by precipitation, photoperiod and temperature [4] . Climate change occurs at both global and regional level and it significantly affects vegetation dynamics through the increasing global mean temperature and change in the precipitation regimes [5] . Consequently, climate change affects plant phenology due to its influence on the flowering time and the other plant developmental stages [6] . The changes in vegetation phenology in the past decades, detected from both ground observation and satellite remote sensing phenological methods, have drastically drawn the attention of the scientific community to plant phenology [7, 8] .
Although first-hand phenology information is assessed with the ground observation phenological methods [9] , the major hitch of these methods is that they are localized, lacking global coverage, covering a limited number of species and are highly labour intensive [10] . However, modern remote-sensing techniques provide a promising option and new opportunities for phenological studies [11] , since it allows the usage of global coverage data at various spatial and temporal scales, making it easy to study phenology and its drivers. Phenological products have been proven to be useful and have been applied in many fields, like biomass monitoring [12, 13] , farm management [14, 15] , and climate change [16] [17] [18] [19] [20] . In the past two decades, the usage of satellites to determine vegetation phenology has been an active area of research [8] . Evident in the numerous studies at local and global scales, arrays of algorithms and techniques that handle wide-ranging spatial resolution and temporally discontinuous satellite data have emerged [20] . Remotely sensed vegetation phenological metrics such as Vegetation Indexes (VIs) are derived from satellite time-series data of vegetation parameters. The VIs are among the mostly used parameters and these comprise of the Enhanced Vegetation Index (EVI) [21, 22] and the Normalized Difference Vegetation Index (NDVI) [23] . Some other vegetation indices that indicate the growing seasonal changes explored in many studies include: Meris Terrestrial Chlorophyll Index (MTCI) [24] , Wide Dynamic Range Vegetation Index (WDRVI) [25] , Perpendicular Vegetation Index (PVI) [23] and Soil Adjusted Vegetation Index (SAVI) [26] .
NDVI is the measurement of vegetation greenness using a remote-sensing technique, it is associated to the plant's structural properties such as the green biomass [27] as well as the leaf area index [28] and also relates to properties of vegetation productivity that are the absorbed foliar nitrogen and the absorbed photosynthetic active radiation [29] . As reported by Reference [30] , the physiological response of crops to environment conditions, as well as their biophysical characteristics change seasonally as vegetation grows. Information on the phenological stage of a crop is essential for understanding the seasonal exchange of ecosystem carbon dioxide (CO 2 ), fertilizer management, evaluating crop productivity and irrigation scheduling. Maize is the focus of this study and it is a major livestock feed and stable food in South Africa. The reproductive stage which is from sulking to physiological maturity (degree of kernel development), and the vegetative stage which is from emergence to tasselling (number of fully expanded leaves), requires the optimal supply of nutrients under favourable environmental conditions (that is solar radiation, precipitation, soil moisture, temperature), for maximum yield [31, 32] . Previous studies [33] [34] [35] have shown that sustainable development in Southern Africa is threatened by extreme conditions such as water availability (precipitation), rise in air temperature as well as shortening of the length of the growing season. Also, records show that agricultural production in 2015/16 reduced by 1.6% compared to that of 2014/15 [34] , also there is reduction in the field crop volume by 12.7%, resulting in a reduction of winter crop production (canola and wheat), summer crops (sorghum and maize), sugar cane and oilseed crops (groundnuts and soya beans) [36] .
The analysis of the variability of the phenological parameters induced by climate change and variability can allow for more accurate prediction of the timing of planting crops and help improve managerial decisions, through the provision of phenological parameters (such as: start of season (SOS), end of season (EOS), length of the season (LOS), and maximum NDVI during the season). This study aims at investigating the changes in the phenology metrics in and the associated changes in maize yield and the potential causal factors across the four major producing Provinces of South Africa, namely North West (NW), Free State (FS), Mpumalanga (MP) and KwaZulu-Natal (KZN). The specific objectives of the study are, (a) to calculate the temporal trends of the phenological parameters, (b) to assess the possible association of the changes in phenological parameters with changes in maize yield, and (c) to identify the most significant drivers of such phenological parameters-maize yield changes.
Materials and Method

Study Area
The study area covers the north-eastern part of South Africa between longitude 22 • E to 33 • E and latitude −32 • S to −24 • S. The region covers KwaZulu-Natal, Free State, Mpumalanga and North West Provinces; see Figure 1 . These Provinces account for approximately 83% of the total maize production for South Africa. FS and NW Provinces together contribute more than 60% of the total maize produced in the country, followed by MP (~24%) and KZN (less than 5%). Free State is about 1300 m above sea level and is characterized by a hot and arid climate. This Province is characterized by chilly winters (ranging from a cold 1 • C to mild 17 • C), plenty of sunshine (15 • C to 32 • C) and summer rains (500 mm-600 mm annually). Located in the northern part of the country, is the Vaal irrigated area which nourishes the small assortment of farming towns. In NW Province there is almost a year-round sunshine, with an average rainfall of 300 to 700 mm annually. The summer temperature ranges from 22 • C to 34 • C. The NW Province is characterized by dry, sunny days and chilly nights during winter (2 • C to 20 • C). The temperature in KZN ranges between 23 • C to 33 • C in summer (i.e., September-April), and 16 • C to 25 • C during winter. The Province is characterized by long, hot summers with average annual rainfall ranging between 500 mm and 800 mm, and mild winters. Furthermore, the western part of MP Province is much colder during winter and hotter during summer than the other parts of the Province. The average annual temperature is about 19 • C and rainfall is between 500 mm and 800 mm annually. 
Materials
A 16-day NDVI composite from MODIS (MOD13Q1) data on board the TERRA and AQUA satellites, with a spatial resolution of 250 m, was acquired from Land Processes Distributed Active Archive Centre (LP DAAC) located at United States Geological Survey (USGS) Earth Resource Observation and Science (EROS) centre for the period of 2000 to 2015. This data is designed in such a way that a variety of information ranging from oceanic conditions to atmospheric and land conditions can be retrieved from it. MOD13Q1 is one of the 44 products (that is processed data) developed by the MODIS science team using a large number of spectral bands.
Maize production data sets in tonnes (tons) for the major maize-producing Provinces spanning from 2000 to 2015 were obtained from the Abstract of Agricultural Statistics compiled by the Department of Agriculture, Forestry and Fisheries of South Africa. This abstract document contains important information on inter alia, field crops, horticulture, livestock, vital indicators, total land area in hectares (ha) cultivated for maize production, and the contribution of primary agriculture to the South African economy. The analysed data are available on the department's website (www.daff.gov.za).
Gridded climate dataset, of the Climate Research Unit Time-Series 3.24.01 (CRU TS 3.24.01) spanning the period 1986-2015 was used in this study. The CRU TS climate data sets are derived from monthly observations from more than 4000 meteorological stations distributed across the world's land areas. The gridded CRU TS 3.24.01 product is freely available for the science community on http: //www.cru.uea.ac.uk or http://badc.nerc.ac.uk/data/cru. For more information on the construction of the CRU TS 3.24.01 product, the reader is referred to Reference [37] . For the purpose of this study, four climatic variables i.e., precipitation (PRE), maximum and minimum temperature, (TMX) and (TMN) and potential evapotranspiration (PET) spanning the period of 2000-2015 were analyzed. The PET was calculated based on the Penman-Monteith formula reported in e.g., Howard Penman and John Monteith [38] .
Methods
MODIStsp, a new "R" package that allows generation of time series of rasters automatically from Land Products data [38] derived from MODIS satellite data was used to acquire the MODIS NDVI (MOD13Q1) data [39] . The NDVI was derived from spectral measurement of the MODIS sensor using Equation (1) .
In Equation (1), NIR represents the near-infrared regions while Red represents the spectral reflectance measurements required in the red (visible). The NDVI varies between −1.0 and +1.0. The MOD13Q1 data are provided every 16 days at 250-m spatial resolution as a gridded level-3 product in the Sinusoidal projection. The spatial extent was set by uploading the spatial file for South Africa so as to extract the data for South Africa and thereafter extract the NDVI data for the four major maize-producing Provinces. A comprehensive procedure of downloading and extracting the MODIS data is described in Reference [38] .
The output was processed using the greenbrown package in R software (version 2. The phenological parameters analysed in this study are summarised in Table 1 . The statistical characteristics of the NDVI and derived phenological parameters were calculated for the purpose of obtaining statistical description. The datasets were de-trended using the quadratic polynomial trend to remove fluctuations attributed to non-climatic factors. The Ordinary Least Square (OLS)-based MOSUM [41] test was used to detect the structural changes and the breakpoints in the time series of the datasets. Statistical significance was tested at 95% confidence limit.
In this contribution, we posit that changes in maize yield are linked to the changes in phenological parameters which are driven mainly by climatic factors among other factors. To test this hypothesis, the Partial Least Square Path Modeling (PLS-PM) was used [42] . Hence, we developed a model that consists of three latent variables; Climate = LV 1 , Phenology = LV 2 and Yield = LV 3 . Each latent variable is associated with at least two manifest variables TMN, TMX, PET and PRE for climate, SOS, EOS, LOS, POP and POT for phenology; and production and cultivated land for yield as shown in Figure 2 . The changes in the phenological variables can be considered as reflective indicators because they reflect the variation in climatic factors; considered as a formative indicator because they are thought to influence the quantity of yield. Hence, and are treated as reflective blocks expressed as
and as formative block.
where are loadings; and is the error terms accounting for the residuals Shown in Figure 2 is the Path Diagram of the PLS model indicating the two sub-models, the inner and the outer model. The inner model has to do with the relationships between the latent variables and the outer model has to do with the relationships between each latent variable and its block of indicators. For the inner model, two equations were developed. The first is the one which depends on :
The second inner relationship is the one which depends on and :
where the subscript of refers to all the latent variables that are supposed to predict . The coefficients are the path coefficients and they represent the "strength and direction" of the relations between the response and the predictors . is the intercept term, and is the error term accounting for the residuals. All variables were standardized.
In order to assess the outer model, the unidimensionality function was used. In this regard, the Cronbach's alpha, Dillon-Goldstein's rho, as well as first eigenvalue of the indicators' correlation matrix were computed. Additionally, the structural model was assessed by computing the R 2 determination coefficients, the redundancy index, and the Goodness-of-Fit (GoF). The changes in the phenological variables can be considered as reflective indicators because they reflect the variation in climatic factors; considered as a formative indicator because they are thought to influence the quantity of yield. Hence, LV 2 and LV 3 are treated as reflective blocks expressed as
and LV 1 as formative block.
where λ jk are loadings; and ε is the error terms accounting for the residuals. Shown in Figure 2 is the Path Diagram of the PLS model indicating the two sub-models, the inner and the outer model. The inner model has to do with the relationships between the latent variables and the outer model has to do with the relationships between each latent variable and its block of indicators. For the inner model, two equations were developed. The first is the one which LV 2 depends on LV 1 :
The second inner relationship is the one which LV 3 depends on LV 1 and LV 2 :
where the subscript i of LV i refers to all the latent variables that are supposed to predict LV j . The coefficients β ji are the path coefficients and they represent the "strength and direction" of the relations between the response LV j and the predictors LV i . β o is the intercept term, and ε j is the error term accounting for the residuals. All variables were standardized. In order to assess the outer model, the unidimensionality function was used. In this regard, the Cronbach's alpha, Dillon-Goldstein's rho, as well as first eigenvalue of the indicators' correlation matrix were computed. Additionally, the structural model was assessed by computing the R 2 determination coefficients, the redundancy index, and the Goodness-of-Fit (GoF). Generally, negative trends that are statistically significant at α = 5% (p-value = 0.01) were detected in the monthly NDVI values in all the four Provinces. As shown in Figure Positive trends (green) were detected in the north and central regions, towards the southern part of the study area consisting of district municipalities such as Nkangala, Gert Sibande in Mpumalanga Province, Fezile Dabi, Thabo Mofutsanyane and Lejweleptswa in Free State Province, and in Umgungundlovu, Sisonke and Ugu in KwaZulu-Natal; see Figure 4A . However, the observed trends are not statistically significant, see for instance Figure 4B . On the other hand, negative trends in NDVI values were detected in the north-eastern parts of Ngaka Modiri Molema and the north-western regions of Bojanala districts in the north-eastern parts of North West Province; north-eastern parts of Ehlanzeni in Mpumalanga Province as well as in the central and north-eastern parts of KwaZuluNatal Province. The negative trends are statistically significant are shown in Figure 4B . Figure 5 depicts the statistical characteristics of the phenological parameters across the study area. Based on the results, the SOS ranges between the 260th and 359th day of the year, with noticeable outliers in KZN. Over the 17-year period, the North West Province exhibited an SOS median value of the 336th day of the year which falls in December and ends (EOS) on the 120th day of the following year (April), while the LOS median value is approximately 166 days. The NDVI peak value (position of peak value (maximum) (POP)) was attained on the 38th day of the year (i.e., around February) while the NDVI trough value (position of trough value (minimum) (POT)) was attained on the 225th day of the year, which is around August. The mean growing season NDVI (MGS) value for North West Province is 0.42. In Mpumalanga Province, the median SOS falls on the 304th day of the year (corresponding to days in November), the median EOS is on the 111th day of the following year (around April) while the median LOS is approximately at about 178 days. The peak NDVI value (POP) occurs around the 14th day of the year (around January) while the trough NDVI value (POT) is determined to be around the 215th day of the year (around August). The MGS value for Mpumalanga Province is 0.58. The growing season for KwaZulu-Natal Province starts on around the 293rd day of the year (October), and ends on the 126th day of the following year (May). The LOS stretches for about 196 days. The maximum NDVI value is detected on the 19th day of the year (January) while the minimum NDVI value occurs around the 203rd day of the year (July). The MGS value for KwaZulu-Natal is 0.63. In Free State, the season starts (SOS) on the 319th day of the year, which is in November, and ends (EOS) on the 114th day of the following year (April), the LOS stretches for about 151 days. The MGS value for this area is 0.42. The maximum NDVI value was Figure 5 depicts the statistical characteristics of the phenological parameters across the study area. Based on the results, the SOS ranges between the 260th and 359th day of the year, with noticeable outliers in KZN. Over the 17-year period, the North West Province exhibited an SOS median value of the 336th day of the year which falls in December and ends (EOS) on the 120th day of the following year (April), while the LOS median value is approximately 166 days. The NDVI peak value (position of peak value (maximum) (POP)) was attained on the 38th day of the year (i.e., around February) while the NDVI trough value (position of trough value (minimum) (POT)) was attained on the 225th day of the year, which is around August. The mean growing season NDVI (MGS) value for North West Province is 0.42. In Mpumalanga Province, the median SOS falls on the 304th day of the year (corresponding to days in November), the median EOS is on the 111th day of the following year (around April) while the median LOS is approximately at about 178 days. The peak NDVI value (POP) occurs around the 14th day of the year (around January) while the trough NDVI value (POT) is determined to be around the 215th day of the year (around August). The MGS value for Mpumalanga Province is 0.58. The growing season for KwaZulu-Natal Province starts on around the 293rd day of the year (October), and ends on the 126th day of the following year (May). The LOS stretches for about 196 days. The maximum NDVI value is detected on the 19th day of the year (January) while the minimum NDVI value occurs around the 203rd day of the year (July)
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Statistical Moments of Phenological Parameters
The graphical illustration of the phenological parameters is shown in Figure 6 . From this figure, it is evident that the planting season starts (SOS) The CV results indicate that the POP exhibited the greatest variability while SOS and POT exhibited the least variability, in all the major maize-producing Provinces of South Africa. However, the POP in KwaZulu-Natal and Mpumalanga varies more than the other two Provinces. The LOS in KwaZulu-Natal had the least variation compared to the rest of the Provinces. And POT in North West varied more than the other Provinces.
Peak 
Trends in the Phenological Parameters from 2000 to 2015
Shown in Figure 8 and Table 3 are the trend in the phenological parameters from 2000 to 2015 as well as the statistical significance of trends in the phenological parameters. Negative trends in the SOS were detected across the entire maize-producing Provinces with exception to KwaZulu-Natal which depicted a positive trend. The SOS exhibited similar trend patterns across all but one (North West) Province. Furthermore, negative trends in EOS were observed across the study area, with exceptions to the North West Province which depicted a positive trend with no significant difference. The LOS exhibited a positive trend in all the Provinces except for KwaZulu-Natal Province, with no significant difference in the LOS for all the Provinces except for North West Province which increased significantly. The POT exhibited a positive trend in all but one (Mpumalanga) Province. On the other hand, POP in Free State and KwaZulu-Natal Provinces showed a negative trend while POP in Mpumalanga and North West Provinces experienced positive trends. Trends in both POT and POP were found to be statistically insignificant across the Provinces. 
Association of Changes in Maize Yield and Changes in Phenological Parameter
Considering the circle of correlations for Free State in Figure 9A , POT had the closest correlation with the maize yield. On the other hand, EOS, POP, LOS and SOS had a very strong correlation with each other, although LOS, POP and SOS were poorly represented in the plot while the other phenological parameter were well represented in the circle of correlations plot. This means that the LOS, SOS, EOS and POP for Free State had a very strong relationship. In the circle of correlations for KwaZulu-Natal ( Figure 9B ), POT also had the greatest influence on the maize yield for the area. However, there exists no correlation among the phenological parameters in the area. And EOS and POT were poorly represented in the plot while the other phenological parameters were well represented in the plot. For Mpumalanga Province (Figure 9C ), POP and LOS had a stronger influence on the maize yield than the other phenological parameters. There is also a close relationship between LOS and POP, this means that these parameters influences each other, although POP has less influence as shown in Figure 9C . Maize yield in the North West Province is equally strongly, influenced by POT according to the circle of correlations in Figure 9D . The LOS and the EOS in this Province had a very close relationship suggesting that they influence each other. 
Impact of Varying Phenological Parameter on Maize Yield
In this study, a multivariate analysis model was used to assess the relationships among maize yield, phenological parameters and climatic parameters. The multivariate analysis results are summarized in Table 4 . As shown in Table 4 , changes in phenological parameters can be associated to variations in the maize yield for the major maize-producing areas ranging from 70% in Mpumalanga, 72% in KwaZulu-Natal, 76% in North West and 79% in Free State.
According to Table 4 , from 2000 to 2015, there was an estimated reduction in the maize yield in the North West Province of about 0.01 tons per hectare (t/ha) when the climatic parameters and phenological parameters are held constant at their averages; that is when PET is 5.3 mm/day, PRE is 57 mm/month, TMN is 16 °C, TMX is 31 °C, SOS is on day 339, EOS is on day 117, LOS is 149 days, POP is on day 35 and POT is on day 225. However, a minimal increase of about 1% in the mean value of PET, PRE, and TMN led to an increase of about 0.47, 0.02, 0.30 t/ha in maize yield, respectively, while an increase of about 1% in the mean value of TMX led to a reduction of about 0.05 t/ha in maize yield. On the other hand, at about 1% increase in the mean values of SOS, LOS, POP and POT there was a decrease of about 1.44, 3.49, 1.39 0.89 t/ha of maize yield, respectively; however, EOS increased maize yield by about 3.55 t/ha. In Mpumalanga Province, maize yield decreased by 0.003 t/ha when the phenological parameters are at average values. An increase of about 1% above the average value in PRE (108 mm/month), TMX (25 °C), SOS (day 309), and LOS (day 179) led to a decrease of 0.39 t/ha, 0.35 t/ha, 1.56 t/ha, and 1.74 t/ha in maize yield respectively. However, 1% increase in the average values of PET, TMN, EOS, POP, and POT increased maize yield by 0.46 t/ha, 0.85 t/ha, 0.28 t/ha, 0.05 t/ha and 0.01 t/ha respectively. In KwaZulu-Natal Province, no change in maize yield per hectare was 
According to Table 4 , from 2000 to 2015, there was an estimated reduction in the maize yield in the North West Province of about 0.01 tons per hectare (t/ha) when the climatic parameters and phenological parameters are held constant at their averages; that is when PET is 5.3 mm/day, PRE is 57 mm/month, TMN is 16 • C, TMX is 31 • C, SOS is on day 339, EOS is on day 117, LOS is 149 days, POP is on day 35 and POT is on day 225. However, a minimal increase of about 1% in the mean value of PET, PRE, and TMN led to an increase of about 0.47, 0.02, 0.30 t/ha in maize yield, respectively, while an increase of about 1% in the mean value of TMX led to a reduction of about 0.05 t/ha in maize yield. On the other hand, at about 1% increase in the mean values of SOS, LOS, POP and POT there was a decrease of about 1.44, 3.49, 1.39 0.89 t/ha of maize yield, respectively; however, EOS increased maize yield by about 3.55 t/ha. In Mpumalanga Province, maize yield decreased by 0.003 t/ha when the phenological parameters are at average values. An increase of about 1% above the average value in PRE (108 mm/month), TMX (25 • C), SOS (day 309), and LOS (day 179) led to a decrease of 0.39 t/ha, 0.35 t/ha, 1.56 t/ha, and 1.74 t/ha in maize yield respectively. However, 1% increase in the average values of PET, TMN, EOS, POP, and POT increased maize yield by 0.46 t/ha, 0.85 t/ha, 0.28 t/ha, 0.05 t/ha and 0.01 t/ha respectively. In KwaZulu-Natal Province, no change in maize yield per hectare was observed when average values of PET, PRE, TMN, TMX, SOS, EOS, LOS, POP and POT are held constant at 3.9 mm/day, 103 mm/month, 15 • C, 27 • C, day 295, day 126, 194 days, day 20 and day 203, respectively. With a 1% increase in the mean values of PET, PRE, SOS, LOS and POT there was an increase of about 0.36 t/ha, 2.92 t/ha, 1.57 t/ha, 1.19 t/ha and 0.82 t/ha in maize yield respectively. However, maize yield reduced by about 0.26, 1.0, 1.24, 0.71 t/ha with 1% increase of the mean values of TMN, TMX, EOS and POP respectively. While in Free State, an increase of about 0.001 t/ha in the maize yield is estimated when the mean values of PET (5.2 mm/day), PRE (60 mm/month), TMN (13 • C), TMX (28 • C), SOS (day 329), EOS (day 112), LOS (148 days), POP (day 32) and POT (day 191) were held constant. Additionally, 1% increase in the average values of PRE, TMX, SOS, LOS, POP and POT led to an increase of about 0.35 t/ha, 0.75 t/ha, 0.39 t/ha, 0.56 t/ha, 0.26 t/ha and 0.71 t/ha in maize yield respectively. While maize yield decreased by about 0.08 t/ha, 0.68 t/ha and 0.50 t/ha with 1% increase in the average values of PET, TMN and EOS. The result of the multivariate analysis further indicates ( Figure 10 ) the relative importance of each phenological parameter. Positive values depict positive predictors while negative values show negative predictors. The EOS is the most influencing phenological parameter in both Free State and KwaZulu-Natal; however, it is a negative influence. The SOS is the most influencing parameter in Mpumalanga and North West, although it has a negative influence in Mpumalanga and a positive influence in North West. The major positive phenological parameters linked to changes in maize yield are POT in Free State, SOS in both KwaZulu-Natal and North West, and POP in Mpumalanga. The result of the multivariate analysis further indicates ( Figure 10 ) the relative importance of each phenological parameter. Positive values depict positive predictors while negative values show negative predictors. The EOS is the most influencing phenological parameter in both Free State and KwaZulu-Natal; however, it is a negative influence. The SOS is the most influencing parameter in Mpumalanga and North West, although it has a negative influence in Mpumalanga and a positive influence in North West. The major positive phenological parameters linked to changes in maize yield are POT in Free State, SOS in both KwaZulu-Natal and North West, and POP in Mpumalanga. 
Drivers of Phenological Changes and Maize Yield
The results of the PLS-PM model hinged on the hypothesis that changes in maize yield are a link to the changes in phenological parameters driven majorly by climatic factors among other factors. As shown in Table 4 , the result from the multivariate analysis indicates that TMN is the most significant driver of changes in the phenological parameters mostly influencing the POT in both North West and Free State. In KZN, PET and TMX majorly drive the changes in phenology influencing EOS and SOS respectively while in Mpumalanga, PRE is detected as the major driver of phenological changes mostly influencing LOS. The reliability of the measurement of the relationship among the variables is given Cronbach's alpha coefficient shown in Table 5 [41] . An estimated alpha of 0.841 for climate, 0.674 for phenology and 0.796 for yield indicating well the indicators measure their corresponding latent construct. Similarly, the variance of the sum of variables in the indicators is given as 0.907, 0.798 and 0.908 for climate, phenology and yield, respectively, by the Dillon Goldstein's rho [41] . The result of the PLS-PM further indicates that only the yield is unidimensional having a first eigenvalue greater than 1 and second eigenvalue less than 1. This result is further illustrated in Figure 11 , showing the loadings of the block with all indicators in blue arrows without any in red. Furthermore, as indicated by the coefficient of determination, R 2 , shown in Table 6 ; climate the independent latent variable is able to explain about 94% of variation in phenology and 99% of variation in yield. 
The results of the PLS-PM model hinged on the hypothesis that changes in maize yield are a link to the changes in phenological parameters driven majorly by climatic factors among other factors. As shown in Table 4 , the result from the multivariate analysis indicates that TMN is the most significant driver of changes in the phenological parameters mostly influencing the POT in both North West and Free State. In KZN, PET and TMX majorly drive the changes in phenology influencing EOS and SOS respectively while in Mpumalanga, PRE is detected as the major driver of phenological changes mostly influencing LOS. The reliability of the measurement of the relationship among the variables is given Cronbach's alpha coefficient shown in Table 5 [41] . An estimated alpha of 0.841 for climate, 0.674 for phenology and 0.796 for yield indicating well the indicators measure their corresponding latent construct. Similarly, the variance of the sum of variables in the indicators is given as 0.907, 0.798 and 0.908 for climate, phenology and yield, respectively, by the Dillon Goldstein's rho [41] . The result of the PLS-PM further indicates that only the yield is unidimensional having a first eigenvalue greater than 1 and second eigenvalue less than 1. This result is further illustrated in Figure 11 , showing the loadings of the block with all indicators in blue arrows without any in red. Furthermore, as indicated by the coefficient of determination, R 2 , shown in Table 6 ; climate the independent latent variable is able to explain about 94% of variation in phenology and 99% of variation in yield. The Mean Redundancy represents the percentage of the variance in the endogenous blocks (phenology and yield) that is predicted from the independent LV (climate), the exogenous variable. As shown in Table 6 , it implies that climate is able to predict about 46% of the variability of phenology indicators and about 63% of the variability of the yield indicator. The prediction power of the model assessed by the goodness of fit indicates that the model has a prediction power of 75%.
Discussion
Previous studies [43] [44] [45] have shown that changes in crop yields could be linked to changes in the climatic conditions during the growing season. Sensitivity of the crop to wet and dry conditions and non-climatic factors like management practices, fertilizers, and new varieties have also been reported to affect crop yield.
Satellite-derived phenological parameters are frequently used to study the response of ecosystems to climate change. In this study, phenological parameters were derived from NDVI computed values. Trends and significant trends of the parameters were computed from the NDVI values. It was hypothesised that changes in maize yield are a link to the changes in phenological parameters driven majorly by climatic factors, among other factors. The results suggest that all the major maize-producing Provinces considered in the present study exhibit negative NDVI trends ("browning"). However, the spatial analysis plot of the NDVI at pixel level across the municipalities of the study area reveals that there are positive but statistically insignificant trends in the NDVI time series. On the other hand, the detected negative trends are observed to be statistically significant at 5% significant level. The observed NDVI temporal variations can be attributed to factors such as high rainfall variability [46] , cooling spring temperature, as well as lead to increasing water vapour pressure deficit [47] . Cooling spring temperature could be detrimental to maize yield as it causes various types of physiological damage (chilling injury) on the crop [48] . On the other hand, increasing water vapour deficit may dry up the soil, thereby reducing the soil moisture content and eventually maize yield [49] .
One of the numerous effects resulting from inter-annual variability is a breakpoint in NDVI time series. Inter-annual variability causes reduction in NDVI values (change in annual mean), prolonged growing season (as a result of longer warmer temperatures), and short-term patterns of the NDVI time series [41] . This is supported by the findings of this study. Figure 4 ). This might be the cause of the non-significant increase in maize yield for these Provinces. Additionally, the variation in the phenological parameters for all the Provinces is a proxy for detecting climate change signals. The earlier arrival of planting season can be traced to the recent warming trends in the global climate [46] . This disruption can have numerous impacts on the ecosystem and human society.
The trend in the phenological parameters is a pointer to the ongoing phenological changes which could be attributed to climate change. As reported by Reference [50] , SOS variability is an important characteristic affecting crop production in semiarid areas. The results correspond with the findings of Reference [51] . The declining trend in SOS might further lead to low maize production. Generally, climate change [46] , land degradation and other human activities such as over-grazing and bush burning [52] , are major factors causing changes in NDVI and phenology parameters.
Previous studies have shown that increasing temperature during maize vegetative periods leads to a decrease in the length of stage in growth [32] . In general, increased temperature led to lengthened growing seasons (LOS) for maize yield in KZN and MP. The year-to-year variations in trends observed in phenological parameters can be attributed to the fluctuations in the annual climatic factors. These fluctuations can be attributed to the various severe weather events such as droughts that have occurred in South Africa during the period of study. For instance, the breakpoints noticed in the time series coincide with drought years of 2002/2003 and 2012/2013, and hence, could give an explanation for the declined trend in the maize yield during these periods. This inherent influence of climate variables causing changes in phenology has various consequences for plant physiology, including maize [32] . The variation in the climatic variable's influence on phenology, and indirectly, maize yield across the Provinces (76%, 70%, 72% and 79% in North West, Mpumalanga, KZN and Free State, respectively), might be due to the varying intensity in the use of irrigation, fertilizers and other farm managements. In addition, the prediction power of the model 75% as indicated from the GoF is acceptable and considered good [42] .
Phenological parameters are considered as some of the most essential information that small-scale farmers require in their preparations for planting [49] . As deduced from the results of this study, farmers are advised to consider the crucial phenological parameters before cultivating maize. That is, it is important for farmers in Free State and KwaZulu-Natal Provinces to consider the time of end of measurable photosynthesis in the canopy (EOS) before cultivating maize in the area while those in Mpumalanga and North West should consider the beginning of measurable photosynthesis in the vegetation (SOS). Therefore, as one of the ultimate goals of agricultural production is to achieve maximum crop yield at minimum cost. Early detection and management of problems that are associated with crop yield indicators can assist in improving yield and subsequently increasing profit [51] . Stability in the maize production acreage in Free State Province could help reduce the variation in the maize production for the Province and ultimately help improve the output. With Mpumalanga Province having the second largest yield per hectare, an increase in the acreage for the area will greatly improve the maize production for the area. Furthermore, despite the fact that the acreage for maize production in the North West Province was usually more than that of Mpumalanga Province, maize produced in Mpumalanga was greater than that of North West Province in 2006, 2007, 2008, 2012, 2014 and 2015 . This implies that Mpumalanga has the potential of increasing the maize production for South Africa if necessary facilities and infrastructures are provided.
Conclusions
The spatial-temporal phenological characteristics of the vegetation mimic the inherent vegetation responses to changes in environmental and climatic factors. Therefore, analysis of the phenological parameters for different types of vegetation in large areas helps to evaluate the impacts of climate change e.g., vulnerable ecosystems. At present, the phenology metrics that are derived from the time series of MODIS Normalized Difference Vegetation Index (NDVI) are recognized to provide an alternative methodology of crop condition monitoring compared to the expensive and time-consuming manual system. These phenological parameters have important applications such as in irrigation management, nutrient management, health management, yield prediction and crop type mapping vital for ensuring the security of the food crop production. Additionally, interest in crop phenology has increased recently because of the effect its variation has on surface roughness and albedo, which eventually affects latent and sensible heat flux and fluctuation of water from the surface to the atmosphere.
Every season, farmers are always faced with the risk of losing their crops and eventually losing their income. In order to achieve maximal output, it is imperative to consider the favourable climatic conditions for planting crops, since for instance, maize farming depends on climatic factors (like rainfall, radiation and temperature). The determination of suitable climatic conditions (particularly knowing the optimum time to plant) can be done using the phenological parameters. Hence, this study investigated the relationship between climatic variables, phenological parameters and maize production in four Provinces of South Africa. As a means of properly managing the inevitable climate change impacts for a sustainable South Africa (an objective of National Climate Change Response Policy (NCCRP)), this study provides the phenological parameters for maize-producing areas of South Africa that can be used for proper management of crop production. Results from this study illustrate inherent spatial-temporal characteristics of the MODIS NDVI-derived phenology metrics. In addition, analysis of the phenological metrics to assess the spatial and temporal crop yield variability across maize-growing Provinces in South Africa show subtle associations largely due to insufficient intra-seasonal maize growth dynamics.
In addition, with established evidence of climate change, reports have shown that frequency and intensity of extreme events with potentials to affect crop production might be on the increase, having more a devastating impact on the low coping capacity countries. Therefore, the need to mitigate against or adapt to climate change, through adequate cropping systems and improved crop cultivar, among others, is becoming imperative for farmers [53] . These results can be used as a benchmark by farmers to access information about climate change and variability and the associated impacts on maize production. This knowledge will help farmers to seek adaptation measures to ensure that seedlings are not lost for good crop yield. In addition, studies such as this can be used as a tool to assess the vulnerability of agriculture/farms (particularly maize farms) to climate change which can help smallholder farmers to provide evidence to have access to insurance benefits and loans [54] . Furthermore, reliable high-quality long-term remote-sensing datasets, such as the MODIS NDVI dataset, are a crucial input for providing converging evidence on vegetation changes. While much is to be learned regarding the human dimension of adaptation, such evidence is highly needed to inform potential adaptation strategies for smallholder farmers in South Africa. A major limitation of this study is the lack of availability of maize data at higher scale i.e., at intra-season and at the farm level. If such data are available it could help to further establish the relationship between the phenological parameters and maize production at seasonal and farm level. Also, the inclusion of non-climatic data such as management practices (irrigation, fertilizers application, new improved seedlings, multi-cropping) could be vital in improving the PLS-PM model. Funding: This research received no external funding.
